New measurements are reported for the time dependence of the vertical polarization of a 0:97 GeV=c deuteron beam circulating in a storage ring and perturbed by an rf solenoid. The storage ring is the cooler synchrotron (COSY) located at the Forschungszentrum Jülich. The beam polarization was measured continuously using a 1.5 cm thick carbon target located at the edge of the circulating deuteron beam and the scintillators of the EDDA detector. An rf solenoid mounted on the ring was used to generate fields at and near the frequency of the 1 À G spin resonance. Measurements were made of the vertical beam polarization as a function of time with the operation of the rf solenoid in either fixed or continuously variable frequency mode. Using rf-solenoid strengths as large as 2:66 Â 10 À5 revolutions=turn, slow oscillations ($ 1 Hz) were observed in the vertical beam polarization. When the circulating beam was continuously electron cooled, these oscillations completely reversed the polarization and showed no sign of diminishing in amplitude. But for the uncooled beam, the oscillation amplitude was damped to nearly zero within a few seconds. A simple spin-tracking model without the details of the COSY ring lattice was successful in reproducing these oscillations and demonstrating the sensitivity of the damping to the magnitude of the synchrotron motion of the beam particles. The model demonstrates that the characteristic features of measurements made in the presence of large synchrotron oscillations are distinct from the features of such measurements when made off resonance. These data were collected in preparation for a study of the spin coherence time, a beam property that needs to become long to enable a search for an electric dipole moment using a storage ring.
New measurements are reported for the time dependence of the vertical polarization of a 0:97 GeV=c deuteron beam circulating in a storage ring and perturbed by an rf solenoid. The storage ring is the cooler synchrotron (COSY) located at the Forschungszentrum Jülich. The beam polarization was measured continuously using a 1.5 cm thick carbon target located at the edge of the circulating deuteron beam and the scintillators of the EDDA detector. An rf solenoid mounted on the ring was used to generate fields at and near the frequency of the 1 À G spin resonance. Measurements were made of the vertical beam polarization as a function of time with the operation of the rf solenoid in either fixed or continuously variable frequency mode. Using rf-solenoid strengths as large as 2:66 Â 10 À5 revolutions=turn, slow oscillations ($ 1 Hz) were observed in the vertical beam polarization. When the circulating beam was continuously electron cooled, these oscillations completely reversed the polarization and showed no sign of diminishing in amplitude. But for the uncooled beam, the oscillation amplitude was damped to nearly zero within a few seconds. A simple spin-tracking model without the details of the COSY ring lattice was successful in reproducing these oscillations and demonstrating the sensitivity of the damping to the magnitude of the synchrotron motion of the beam particles. The model demonstrates that the characteristic features of measurements made in the presence of large synchrotron oscillations are distinct from the features of such measurements when made off resonance. These data were collected in preparation for a study of the spin coherence time, a beam property that needs to become long to enable a search for an electric dipole moment using a storage ring.
I. INTRODUCTION
It has been proposed [1] that a storage ring can be used to search for an intrinsic electric dipole moment (EDM) on the particles in the circulating beam. That beam would be initially polarized along the direction of the beam velocity and held against precession in the ring plane by a special choice of beam conditions and ring electric and magnetic fields. The signal of an EDM would be the precession of the polarization from the longitudinal toward the vertical direction under the influence of the strong radial electric field pointing toward the center of the ring that exists in the beam frame of reference. This field, which bends the particle trajectories into a closed orbit, is present whether the ring is magnetic or electrostatic (as has been proposed for the proton case). However, it is first necessary to arrange the ring fields so that the precession of the spin relative to the velocity in the ring plane is suppressed. That precession (without the EDM component) is given by (with ÁB ¼ ÁẼ ¼ 0)
where G is the particle anomalous magnetic moment (also denoted by a for leptonic anomalous moments).
For protons with a positive anomalous magnetic moment, it is possible to make! ¼ 0 whenB ¼ 0 (purely electrostatic bending elements) and p ¼ m ffiffiffi G p ¼ 0:701 GeV=c. For deuterons with a negative anomalous magnetic moment, no such solution exists and the bending elements of the ring become a combination of vertical magnetic and outward radial electric fields such that the electric field is related to the magnetic field through
In both cases, ring and experiment performance are enhanced by choosing as large an electric field as is practical. At EDM sensitivity levels approaching 10 À29 e Á cm, the EDM signal would be a precession on the order of 10 À5 rad for a beam storage time of 20 min. The observation of this small change in the vertical polarization component requires a beam polarimeter that is highly efficient and that has a large sensitivity to polarization. Such a polarimeter could rely mainly on the observation of scattered beam protons or deuterons from a carbon target, a process that has been used in similar applications for magnetic spectrometers with an efficiency of about 1% [2, 3] . In addition, there must be methods to reduce and/ or correct systematic polarimeter errors under conditions where the beam-target geometry and instantaneous counting rate are changing. In a recent experiment using the scintillators of the EDDA detector [4, 5] located at the cooler synchrotron (COSY) at the Forschungszentrum Jülich [6] , a thick carbon target located at the edge of the circulating beam was used to demonstrate efficient operation, high spin sensitivity, and the ability to correct systematic errors at levels below 10 À5 in the polarization measurement [7] . By arranging for a continuous, slow extraction of the beam onto the carbon block, this arrangement provided a means of continuously monitoring the beam polarization during the time that the beam was captured in the storage ring. This setup was used in the present study to observe deuteron polarizations while operating an rf solenoid on the ring. Such a continuous polarization monitor has not been available previously; its use makes available more information in a short period of experimental time compared to single point measurements based on inserting a carbon fiber into the beam [8] .
An additional requirement for the EDM search is that the beam polarization remains large for the 20 min needed for the EDM effect to accumulate to a measurable level. Normally, momentum spread among the beam particles leads to differences in the precession rates given in Eq. (1) and the particle spins will decohere by spreading in the horizontal plane. The linear part of this effect may be canceled by using an rf cavity to bunch the beam, thereby imposing the same average cyclotron frequency on each particle. However, a lengthening of the orbital path that depends quadratically on the size of horizontal and vertical betatron oscillations while maintaining the cyclotron frequency will generate a smaller spread in spin precession rates that will lead to decoherence over a longer time. At this smaller level, there may also be a contribution that depends on the square of the deviation of the momentum from the central value. So a long-term goal of the EDM ring development program is to understand how to reduce or correct for such quadratic or higher order effects by, for example, adjusting the ring sextupole field components or cooling the beam.
In the first part of this development program, the plan was to use the rf solenoid located on the COSY ring to measure polarization changes in the vicinity of the 1 À G resonance since the width of this resonance depends on the same betatron oscillations or momentum changes that lead to decoherence [8] . Model calculations of the vertical polarization led to the expectation that operation of the rf solenoid at a fixed frequency on or very close to the resonance would yield a series of damped polarization oscillations whose pattern was sensitive to the resonance width. A set of such measurements was completed with varying degrees of damping, but it was learned afterward that a much larger and different effect was at work, created by an interplay between the rf solenoid and synchrotron oscillations within the bunched beam. This paper describes that effect and how its characteristics make it different from the effects of momentum spread on resonance width.
The studies reported here made use of a polarized deuteron beam circulating at a momentum of p ¼ 0:97 GeV=c, a value chosen to optimize the analyzing power of elastic scattering events recorded in the EDDA detector. At this momentum it was also possible to electron cool the bunched beam. Recording data with and without electron cooling made drastic differences in the results, a feature that was crucial in identifying the mechanisms at work in the ring. With electron cooling turned on, the beam was gathered within tens of seconds into a bunch a few meters in length (out of a circumference of 183 m) with a correspondingly small momentum spread. Once the beam was cooled, continuous operation of the rf solenoid on the spin resonance resulted in vertical polarizations that oscillated between (nearly) 1 and À1 with no indication of damping for times up to one minute. These oscillations are consistent with a simple model of the process that contains two spin rotations, one for all of the bending magnets in the ring and another for the rf solenoid. No further details of the machine lattice are needed for a description of these data. Off resonance, the oscillations persist, but with a smaller amplitude, a higher frequency, and an oscillation range that remains close to 1. These effects are consistent with a mismatch in the frequencies of the rf solenoid and the 1 À G resonance and with the features found in prior experiments [8] .
Without electron cooling in operation, the beam spreads longitudinally until there is a significant particle population for at least half of the ring circumference, as the beam was bunched at the first harmonic. Particles oscillated from one end of this bunch to the other at a synchrotron frequency of 331 Hz. In doing so they changed their timing with respect to the phase of the oscillating rfsolenoid field. With a cyclotron frequency of 750 kHz, the rf solenoid was operated at f CYC ð1 À GÞ ¼ 871 kHz (see a later discussion of Table IV), a value above the cyclotron frequency that allowed a large phase change during the course of a single synchrotron oscillation. This effectively weakened the ability of the rf solenoid to precess the polarization, creating a part of the beam distribution whose vertical polarization was oscillating at a slower frequency. The combination of all beam particles then followed a damped oscillation with characteristics different from those found for off-resonance behavior. Damping took place early in the pattern and was centered close to zero vertical polarization. These features were also described within the two rotation model, but only if the timing of synchrotron oscillations relative to the rf solenoid was included. The results proved to be very sensitive to the details of the particle distribution within the beam bunch, and could be used to unfold that distribution.
Sections II and III of this paper describe the experimental setup of the EDDA detectors and the data acquisition system. As a means of constraining the model, measurements were also made of the beam and machine properties, as discussed in Sec. IV. Section V summarizes the ''no lattice'' spin-tracking model. The parts of Sec. VI describe the effects of synchrotron oscillations in detail, with a conclusion given in Sec. VII.
II. EXPERIMENTAL SETUP
The polarized deuteron beam was produced in an atomic beam source [9] with two stages of sextupole separator magnets, each followed by rf transition units. This provided for several combinations of vector (p V ) and tensor (p T ) polarization. The polarization states chosen for this experiment included two with only vector polarization, two with a combination of both vector and tensor polarization, and one unpolarized. A cyclotron was used to raise the beam energy to 76 MeV for injection into the COSY storage ring. On the injection beam line there is a scattering chamber with a carbon rod target. Deuterons elastically scattered from the rod were counted by setting a pulse height threshold on the signals from silicon detectors mounted symmetrically in the low-energy polarimeter on the left and right sides of the beam. Based on an interpolation of existing deuteron-carbon elastic scattering analyzing powers [10, 11] , the analyzing power of this system was A Y ¼ 0:65ð0:64Þ AE 0:04 at a laboratory angle of 50 (45. 9 ) where the detectors were placed at different times during the experiment. The calibration error was taken from Ref. [5] .
The detector angle change also corresponded in time to a change in the operating condition of the polarized ion source to optimize transmission through the cyclotron. The values of the vector polarization p Y are given in Table I before and after the change. The errors reflect the scale errors of the calibration.
One concept for the EDM polarimeter involves stopping detectors that deliver their largest signals for elastic scattering events. Reactions that produce lower energy particles, usually a deuteron or a proton, are removed with an absorbing medium between the target and the detector. A similar arrangement was achieved in a previous experiment [7] using the scintillators of the EDDA detector [4, 5] . Long scintillators, called ''bars,'' ran parallel to the beam and were read out with photomultiplier tubes mounted on the downstream end. These 32 scintillators were divided into groups of eight, corresponding to scattering to the left, right, down, or up directions. Outside the bars were ''rings'' that intercepted particles scattering through a range of polar angles beginning at 9.1
. During gain calibration of the ring detectors, elastic events were clearly evident starting in the third ring at angles greater than 10.9 . Four consecutive EDDA rings were included in the ''polarimeter group,'' extending the sensitive angle range to 21.5 . Over this angle range the vector analyzing power for the elastic scattering of deuterons from carbon is positive and passes through the first interference maximum [12] , making this an excellent range for operation as a polarimeter. The energy loss through the target material, beam pipe, and an absorbing tube removed much unwanted flux, especially protons from deuteron breakup. But there still remained some flux from inelastic scattering and ðd; pÞ reactions with low Q-values that reduced the average analyzing power.
The scattering target for the polarimeter was a carbon tube 15 mm long that surrounded the beam [7] . Slow extraction of the beam onto the target was achieved by locally steering the beam vertically upward into the top edge of the tube. Deuterons intercepting the target front face pass through the full target thickness, which greatly increases their probability of scattering into the EDDA scintillator system. The efficiency for observing an event that was subsequently used to calculate a polarization relative to the number of deuterons lost from the beam was about 4:4 Â 10 À4 for much of the experiment, but fell by over a factor of 2 as beam steering changed. The requirement that elastically scattered deuterons stop within the forward angle ring detectors led to the choice of 0:97 GeV=c as the optimum beam momentum.
The ring and bar photomultiplier signals for each quadrant of the EDDA detector (left, right, down, or up) were summed into a single analog signal and counted by a scaler based on a common pulse height threshold for the four quadrants. The threshold was set to the maximum allowed for the module (À 125 mV). This made the trigger rates similar (AE 7% for the unpolarized beam) for all four quadrants. The analyzing power was A Y ¼ 0:32 AE 0:02 with the error dominated by the calibration of the lowenergy polarimeter. The scalers were read out 400 times per second. When the observed polarization changes were slow enough to not require this many time bins, the bins were combined into groups for better statistics on the asymmetry data points. This polarimeter scheme offers a continuous monitor of the polarization during the beam store in contrast to previous experiments where observations were made at only one time during the polarization manipulation process [8] .
III. VERTICAL POLARIZATION MEASUREMENTS
The triggers for the four segments of the EDDA detector (left, right, down, and up) were recorded in a single computer file for each run. A run consisted of a number of stores whose events could be added as a function of time since the start was synchronized to polarization precession operations through the use of a reproducible start time marker. The four polarization states listed previously as well as an unpolarized state were loaded sequentially for each new store with the series continuing until the last store of the run was ended.
Positive and negative vector polarizations were available with the two vector polarized states or the two states containing a combination of vector and tensor polarization. In each of these cases, the vector asymmetry was determined from the ''cross ratio'' [13] given by Eq. (3) as
and L and R are the count rates for the left and right systems for the positive (þ) and negative (À) polarization states. This combination of count rates tends to suppress errors that arise as first-order contributions from geometric misalignments due to beam position or angle, or from detector acceptance. During the run, a more extensive calibration of the polarimeter sensitivity to systematic geometric and rate problems was conducted in the manner proscribed in Brantjes et al. [7] . Subsequent investigation showed that systematic errors from the use of the cross ratio formula were typically much less than 10 À4 . Thus, no further corrections were included in the work reported here.
Analysis of the two vector polarized states and the two vector/tensor polarized states produced two cross ratio asymmetries. For comparison to the model calculations to be discussed later, the two sets of cross ratio data from each run were normalized to one based on the asymmetries recorded prior to any polarization manipulations being made. Then the two measurements were averaged. This combined all of the polarized beam data from a given run into one time-dependent set of vector polarization measurements. The asymmetry from the tensor components was calculated, but the tensor analyzing power for this particular setup of the EDDA scintillators and thresholds proved to have a very small value and this asymmetry was never used. All of the polarization manipulation processes involved the use of an rf solenoid located in the COSY ring where t ¼ 0 represented the start of the field ramp-up for the solenoid.
IV. ACCELERATOR PARAMETERS
The momentum for this experiment, 0:97 GeV=c, was within the range where it was possible to electron cool the beam. Expecting that we would want to avoid a large spin decoherence due to momentum spread in the beam, all measurements were made with the beam bunched. The most significant comparison became the difference between the data features for the cooled and uncooled beam. In order to have information available for modeling the results, a number of machine parameters were measured for the various running conditions. These are summarized here.
The horizontal and vertical betatron tunes were Q X ¼ 3:60 and Q Y ¼ 3:62.
The momentum compaction factor , defined as the fractional change in the orbit length for a given fractional change in the momentum, 
was measured by recording the change in the orbit frequency for a small change in the ring magnetic fields, as shown in Fig. 1 . The value is listed in Eq. (4) . From this, it is possible to calculate the slip factor as Other parameters measured separately for cooled and uncooled beams are given in Table II . The momentum spread was obtained from a fit of a Gaussian shape to the Schottky frequency distribution measured on the fourth harmonic of the cyclotron frequency after division by the slip factor (see Figs. 2 and 3) .
The size of the horizontal and vertical emittances was obtained by first measuring the beam profile through an observation of residual gas ionized by the passage of the beam. Once recorded, these profiles were reproduced with a Gaussian function. Examples of these profiles and the fits are shown in Figs. 4 and 5. The Gaussian widths are given in Table II . The beta functions for the lattice were generated by MAD. For the position of the profile monitor they are X ¼ 22:12 m and Y ¼ 7:32 m. From these values we obtained the emittances shown in Table II .
The beam was bunched on the first harmonic (h ¼ 1) with a maximum oscillator voltage of 400 V. For the uncooled beam, this captures most of the beam into about half of the ring circumference, as illustrated in Fig. 6 .
When electron cooling is applied at the beginning of beam storage, the momentum spread of the beam is greatly reduced as noted above. This is illustrated by the correspondingly smaller geometrical size of the cooled beam shown in Fig. 7 . The cyclotron frequency was 750 602.5 Hz.
V. SPIN-TRACKING MODEL
The precession of the deuteron spins under the influence of magnetic fields in the ring can, in many cases, be considered broadly without the need to include explicitly the contribution of each magnetic device located along the ring. For the data reported here, such a ''no lattice'' model can be reduced to two rotations that apply for each turn of the beam around the ring. One is a rotation of spins around theŷ axis perpendicular to the ring plane that arises from the cumulative effect of the ring dipoles. The precession angle on each turn is given by the size of the anomalous part of the deuteron magnetic moment, G ¼ ðg À 2Þ=2. This rotation in radians is
where S ¼ G is the spin tune. It is sufficient to write the spin rotations in the classical form of a macroscopic magnetic dipole in an external magnetic field as it alters the spin vectorS:
The rotation angle, ! a , is nearly the same for all of the deuterons in the beam and nearly the same across time; it changes only as changes. The second rotation is generated by an rf solenoid. It presents an oscillating field where the angle of spin rotation is given by
where t ¼ n=f CYC with n the turn number. The 1 À G harmonic of the spin tune G was chosen before the experiment to best match the peak power output of the solenoid's driver amplifier. ðtÞ represents a small perturbation that may or may not be time dependent and that is chosen in the design of the experiment to study phenomena near the resonance. The strength of the rf solenoid is given by . The rf solenoid rotates the spin about the beam, orẑ, direction. This rotation is described bỹ Repeated applications of these two rotations for each turn of the beam around the ring generatesSðtÞ from a given starting pointSð0Þ. The synchrotron oscillations were taken to be longitudinal sinusoidal oscillations in the Z direction (along the beam) about the center of the beam bunch with amplitude A and a frequency of 331 Hz as given by zðtÞ ¼ A sinð2f SYNC tÞ:
Synchrotron oscillations are also represented as a phase, , where ðtÞ ¼ 2zðtÞ=C and C is the ring circumference. This relationship assumes operation of the storage ring on the first harmonic. At the same time there is an oscillation of the momentum whose change, Áp=p, is 90 out of phase with the position oscillation,
where C is the ring circumference and is the slip factor. Changes to the spin tune are scaled by
The precession of the spin as it goes around the ring is changed because the momentum has changed, so that
The main effect that is described in the paper arises because the phase of the rf solenoid as the particle passes through it has changed so that the rotation is for a different transit time
As will be covered in the next section, detailed agreement with the uncooled data was made possible by choosing the appropriate distribution of orbit amplitudes A. The sine and cosine functions used here to describe the synchrotron motion represent the solution for the differential equation of simple harmonic motion in a parabolic potential. A more accurate model would involve a sinusoidal potential and numerical integration of the synchrotron motion. This was tested for the present situation. While this changes some details of the shape of the beam distributions described later, there is no essential change in either the quality of the reproduction of the measurements or the interpretation based on this model.
VI. DATA AND INTERPRETATION

A. Determining model parameters
The critical parameters for the model were determined from comparisons to key pieces of data. These parameters included the frequency of the 1 À G resonance and the magnetic field strength of the rf solenoid for a given setting of the power controls. The broad distribution of amplitudes that make up the synchrotron oscillations within the beam bunch (shown in Fig. 6 ) also proved to be critical, but only for the uncooled measurements. Once these were known, a variety of effects could be successfully modeled. All curves shown in subsequent figures were made using the model described in the last section.
The frequency of the 1 À G resonance was estimated at the beginning of the experiment by making a FroissartStora frequency sweep [14] across the expected location of the resonance using the uncooled beam. The frequency at which the polarization changed sign was taken as the initial resonance location. Figure 8 shows the data from this scan, which was started at 871 200 Hz (at a time of 5.8 s) and ramped at a speed of 10 Hz=s for a total of 400 Hz. The zero crossing is clearly evident near 29 s. The polarization does not completely reverse, an issue that we will discuss later as a consequence of synchrotron oscillations rather than a ratio of rf-solenoid strength to ramping speed that is too small.
Refinements to the position of the resonance were made using the rf solenoid operating at a fixed frequency in the immediate neighborhood of the resonance. Being off resonance by even a fraction of one Hz creates clear changes in the polarization oscillation pattern and the final polarization after the oscillations are damped (in the uncooled case). If these changes are matched by model calculations where the separation from the resonance is adjusted, then it becomes possible to locate the resonance with a precision of about 0.1 Hz. The most precise results were obtained with the cooled beam. In this case the polarization oscillations persist for a long time and a precise measurement is possible of their frequency. From this frequency, measured with the rf solenoid on resonance, it is also possible to deduce the effective strength of the rf solenoid. Since the measurement of the resonance position and the solenoid strength utilize the same data, we will summarize our results using the data from the cooled beam.
The cooled beam measurements on resonance are shown in Fig. 9 . The data represent a slow oscillation of the vertical component of the polarization with a period of about 2=3 s. While the magnitude of the oscillation is somewhat less than one, it persists for the 55 s that the rf solenoid was kept running after the initial ramp-up, which lasted 200 ms. This permits a very precise determination of the magnetic field strength of the rf solenoid by matching the frequency of the polarization oscillation using calculations with the model described in the previous section. The oscillation pattern requires an effective strength of ¼ 4:05 AE 0:01 Â 10 À6 rev=turn. The reduction in polarization is best understood as a result of an uncooled component in the beam whose distribution of synchrotron amplitudes is similar to that for the completely uncooled beam. This effect will be reviewed later. So long as the rfsolenoid frequency remain synchronized to the precession of the horizontal component of the polarization due to the ring dipoles (thus giving rise to the spin tune), then these oscillations will persist. (The depolarizing effects of either finite beam emittance or the quadratic momentum spread are suppressed for reasons that go beyond the scope of this paper and will be described elsewhere.)
If the rf solenoid is operated at a fixed frequency away from the center of the resonance, then the oscillation pattern quickly changes. If the difference is, for example, 1 Hz, then the solenoid will get out of phase with the horizontal precession by 90 in the first 0.25 s. At this time the rf-solenoid rotations will be acting at a right angle to the angle that takes the polarization away from the vertical axis. No progress will be made toward changing the vertical component of the polarization, and the downward motion of the polarization will come to a halt. At later times as the phase slip moves toward 180 , the rf solenoid will be acting to move the polarization back toward the positive Y axis. When the phase slip is 180
, then the vertical polarization will again be þ1. For the next half second, this process is repeated. These effects reduce the magnitude of the oscillations even as the maximum polarization remains nearly equal to one. The change in magnitude is related to an increase in the frequency of oscillation, which can in turn be related to the difference in the frequencies of the rf solenoid and the polarization precession.
With very small changes being made in the rf-solenoid frequency (AE 1 and AE2 Hz), it was assumed that the rfsolenoid strength was unchanged after the data taken in Fig. 10 . Then the only parameter that may be adjusted in order to match the oscillation frequency is the frequency separation between the rf solenoid and the resonance. The shifts needed for the off-resonance data are given in Table III , along with the average and an error that spans the four cases of Fig. 10 . Since the additional frequency shifts move the points below the resonance away from the resonance, and the point above the resonance toward the resonance, the resonance frequency is higher (see caption to Fig. 8 ) at 871 434:13 AE 0:04 Hz.
The data and calculations of Fig. 10 illustrate the general features of the vertical polarization when operating the rf solenoid off resonance. As the distance from the resonance increases, the oscillation frequency increases, as is shown in the right-hand column of Table III and Fig. 10 . At the same time the oscillation amplitude goes down. Note, in particular, that the top of the oscillation pattern always remains close to one so that off-resonance polarization measurements quickly become completely positive. In Fig. 10 , the average polarization value of the calculated oscillation is more positive than the measurements, a trend that becomes more prominent as the distance from the resonance increases. The reason for this disagreement is not understood.
Once the resonant frequency and the frequency of the bunching cavity (750 602:5 AE 0:5 Hz) are known, then it is possible to determine other parameters of the beam and properties of the COSY ring for the setup that existed during this experiment. These are given in Table IV where p is the beam momentum, C is the ring circumference, and T is the beam kinetic energy. All model calculations use these values.
B. Influence of synchrotron oscillations
Before embarking on a detailed description of the effects of synchrotron oscillations on polarization changes induced with an rf solenoid, it is important to understand how a simple momentum spread affects such processes when the beam is not being bunched. The polarization history for different particles in the beam make up a basis set of functions that, when suitably averaged with weights given by the momentum distribution, describe the results of Table III ). The calculations involved only one particle track and no synchrotron oscillations. an rf-solenoid induced manipulation of the polarization. When the dominant effect arises from synchrotron oscillations rather than momentum spread, a different set of basis functions becomes appropriate. The difference between these two sets, as well as the difference in their polarization effects, can be used to identify which process is important in a given experimental situation when the beam is bunched and both are possible. For a coasting beam without bunching, the spread in momentum generates a spread in the spin tunes. If there is an initial horizontal polarization component, then that component will gradually decrease as the spin axes of individual particles in the beam drift away from one another. This spread would also be evident in the response to an rf solenoid operating at a fixed frequency since the solenoid would be on resonance for some parts of the beam and off resonance for others. The result would be a weighted average over curves such as those shown in Figs. 9 and 10. An oscillation would start and then become damped as the components got out of phase with each other. The off-resonant parts would be predominantly positive and lead to a positive average for the result. Examples calculated for various resonance widths in Áp=p are shown for a coasting beam in Fig. 11 . A slice through such curves for various off-resonance rf-solenoid frequencies at a specific time after the rf-solenoid process has started gives rise to a family of resonance shapes as a function of rf-solenoid frequency as discussed by Morozov [8] .
One way to reduce this first-order resonance spread, which gives rise to the decoherence of in-plane polarization, is to bunch the beam, thereby forcing all particles to be on average isochronous (also known as synchrotron phase stability). This eliminates the first order dependence of in-plane decoherence on Áp=p. While a single synchrotron orbit requires many turns to complete, it is fast when compared to the time required for the rf-solenoid polarization oscillations shown in Figs. 9 and 10. For these sorts of measurements, it may be assumed that any polarization effect will be an average over many synchrotron oscillations. Thus, contributions from positive values of Áp=p are quickly canceled by their negative counterpart. Any effects that may arise will come only from terms that depend on ðÁp=pÞ 2 or higher orders. Second-order contributions can also appear due to path lengthening as a function of the size of the horizontal and vertical emittance. The longer path requires a higher average momentum in order to remain isochronous with the cavity rf. That leads directly to a larger value of the relativistic parameter and a larger value of the spin tune. Thus, responses like those found in Fig. 11 were expected from measurements made with the uncooled beam. Instead, the response for a similar magnet strength is shown in Fig. 12 .
In this case the oscillations appear to damp too quickly for the depth of the first oscillation and converge to a value near zero, suggesting that a different mechanism is present. An alternative way to introduce a range of oscillation histories is to use synchrotron oscillations to advance or delay the transit time of parts of the beam through the rf solenoid. When this happens, these particles do not feel the effect of the same magnetic field as the central particle. Such a time shift effect is enhanced when the rf solenoid operates on a harmonic of the deuteron spin tune, increasing its rate of change. In addition, when the rf cavity is operated on first harmonic, it allows a larger range of synchrotron oscillation amplitudes. So synchrotron oscillations were included in our ''no lattice'' model, as discussed in Sec. V. Such changes generate a new family of polarization oscillation curves, as shown in Fig. 13 . All of the curves in Fig. 13 represent the response on resonance. (Moving away from the resonance combines the effect shown here with the trends described earlier.) With larger synchrotron amplitudes, the particle spends less time passing through the rf solenoid at times that are close to optimum for reversing the polarization. Thus, this effectively weakens the solenoid and slows the oscillations for large values of A as appear in the figure.
Aside from the distribution shown in Fig. 6 , there is no knowledge from the experiment of the distribution of particles in the beam bunch. It is possible to assume a Gaussian distribution, but this proves to be the wrong shape for a detailed reproduction of measurements such as those in Fig. 12 . In order to obtain more flexibility in the model calculation, representative values of A were chosen and the number of particle tracks associated with each value adjusted in order to reproduce the data of Fig. 12 . The end result is the model calculation shown in that figure. The fitted fraction of the tracks with different values of A is shown in Fig. 14 .
For further calculations, it seemed prudent to replace the fitted distribution of Fig. 14 with a larger number of tracks chosen randomly. Each point of Fig. 14 was replaced by a bin whose area represented the same fraction of the tracks and widths were adjusted to span the range of Fig. 14 . The 1000 random tracks were chosen with a distribution of amplitudes that matched the areas of the bins. In the case of the first bin with a negative coefficient, the sign was changed to a positive one to maintain the contribution of small amplitudes to the whole distribution. When this distribution is combined with random synchrotron phases, the resulting beam distribution is shown in Fig. 15 . This shape compares favorably with Fig. 6 . The FWHM is roughly half of the ring circumference of 183 m as suggested by Fig. 6 .
This distribution of particles in the beam seems to change by small amounts over time during the experiment. Figures 16 and 17 show time curves calculated with the model of Fig. 12 , but with different solenoid strengths. In Fig. 17 , agreement is not as good. In particular, more tracks are needed with small amplitudes and faster oscillation frequencies to better match the first two oscillations in the polarization. Adding such tracks improves the agreement for that feature, but this change overestimates the oscillations at larger times.
The calculations shown in Figs. 16 and 17 are similar, but in Fig. 17 the data display different polarization oscillations and the central value is now positive. This supports the conclusion that the distribution of synchrotron amplitudes changes with time. It is possible to reproduce these measurements with a quality similar to that shown in Fig. 12 provided we repeat the fitting process and obtain a new set of coefficients similar to those in Fig. 14. For  Fig. 17 the contribution at the larger values of A becomes more prominent, increasing by nearly 50%. During the several hours spent taking these measurements, it is likely that the distribution of particles within the rf bucket changed, even if the bucket potential is unchanged. These measurements are clearly very sensitive to that choice. The range of variation seen in Figs. 16 and 17 demonstrate by example the level of stability of these features.
To summarize, data were taken in two very different situations with continuous monitoring of the polarization throughout the beam store, thus providing data with exceptional detail concerning the evolution of the polarization with time. We have considered the case of a bunched, uncooled beam and shown how the damped polarization oscillations seen with the rf solenoid operating at a fixed frequency (and on resonance) depend on the details of the synchrotron oscillation amplitudes. In contrast, the cooled beam had a very small beam bunch size and low momentum spread. In that situation, the application of the rf solenoid on resonance leads to a very long-lived, slow oscillation of the vertical polarization with essentially constant amplitude. This oscillation responds in a manner seen before [8] to changing the rf-solenoid frequency to an off-resonance value. A comparison of the oscillation frequencies on either side of the resonance permits a very precise determination of the resonant frequency. The tracks of the different particles are sufficiently similar that it is often sufficient to use only the central track as representative of the ensemble, as was done for the calculations in Figs. 9 and 10.
In the case of the uncooled beam, the beam bunch is much larger. This, coupled with the choice to operate the rf solenoid on a harmonic of the spin tune, leads to particles with large synchrotron amplitudes passing through the rf solenoid at nonoptimal times, weakening the effective solenoid strength. The resulting damped polarization oscillations have characteristics that are different from off-resonant behavior. They are particularly sensitive to the detailed distribution of synchrotron amplitudes within the beam bunch. Unfolding this through a fitting process produces a beam bunch distribution that is consistent with what is observed using beam pickup monitors. Because the slower oscillations induced by an rf solenoid operating on resonance still result in polarization oscillations where the polarization completely flips, the features of synchrotron oscillations are distinct from the features of being off resonance.
Next, we will explore some other consequences of the interaction of beam polarization with synchrotron oscillations.
C. Further exploration of the polarization features of synchrotron oscillations
In Fig. 9 , the polarization oscillations with a cooled beam fall slightly short of reaching either 1 or À1. Is this an effect of synchrotron oscillations? When presented to a fitting program using the same basis set that was used for the uncooled beam (see Fig. 13 ), most of the strength appears for amplitudes that are close to zero. The remainder, a few percent, is distributed widely among the larger amplitudes, as shown in Fig. 18 . These widely distributed contributions have a shape that is similar to that seen for the uncooled beam, as in Fig. 14 . The distribution in Fig. 18 compares well with the distribution measured by the beam pickup shown in Fig. 7 , which also has tails emerging on either side of the narrow central peak. The cooling time for the beam is a few tens of seconds. This means that particle collisions with residual gas in the beam pipe or encounters with electrons in the cooling region may remove some particles from the central peak, leading to an uncooled part of the beam that is always being recovered by the cooling system. Eventually this process reaches an equilibrium. In our case, the size of the uncooled component is approximately 9%. The polarization oscillations for these particles are slow and their effect is to reduce the size of the main oscillation in Fig. 9 .
In the case of a frequency scan made with the rf solenoid, as illustrated in Fig. 8 , particles with particularly large synchrotron amplitudes will respond to the rf solenoid as if it is effectively very weak. At some point these particles will no longer undergo a complete spin flip as the rf-solenoid frequency passes over the position of the resonance. To illustrate this, a model calculation was made of the frequency scan of Fig. 8 using the distribution of amplitudes shown in Fig. 15 . Then, for each of the 1000 tracks in that simulation, the vertical projection of the spin was plotted at the end of the frequency scan. The result is shown in Fig. 19 . For most of the range of amplitudes A, the final spin projection is practically indistinguishable from À1. At roughly A ¼ 48 m, the effective solenoid strength becomes sufficiently weak that some departure can be seen from a final value of p Y ¼ À1. As the size of A increases, the result moves quickly to þ1, and for higher values falls again toward À1. Some admixture of the large synchrotron amplitude particles into the beam bunch will thus cause the frequency scan to fall short of a complete polarization reversal. At the point near A ¼ 57:8 m where the final polarization goes to þ1 the period of the oscillation in Fig. 13 goes to infinity. For larger values of A the set of oscillating functions retraces its path back down again with progressively shorter and shorter polarization oscillation periods. Thus A ¼ 57:8 m is a reflection point in this pattern.
A calculation based on the sum of the stopping points in Fig. 19 produces a final polarization close to À0:8 while the measurements come close to a final average of À0:96. A closer reproduction of the measurements of Fig. 8 would require that the fraction of tracks in the critical region of A > 50 m be reduced by a factor of 5. The curve in Fig. 8 represents such a rescaled calculation. This sort of variation appears to be typical of the long-term reproducibility of the beams stored in COSY.
D. Resonance shape
Using the model described in Sec. V, we matched the predicted oscillation frequencies to the measured ones to better locate the resonance. There are other comparisons to be made, such as the average oscillating polarization. These polarizations as a function of the frequency are shown in Fig. 20 for the cooled data of Figs. 9 and 10 and two additional points further from the resonance. Model calculations with the frequencies adjusted for the average shift in Table III are also shown. In general, these calculations lie above the average polarization values. This is a reflection of the observation that the data points in Figs. 9 and 10 extend below the calculated curves. While the calculation of Fig. 20 was made using only a single particle track with no synchrotron amplitude, the inclusion of a full distribution as in Fig. 18 makes no significant difference (< 0:003) in the resulting average polarization.
The width of the calculated resonance curve depends on the values of both the rf-solenoid strength and the time used to ramp-up to full strength at the beginning of the fixed frequency time scan. For these calculations, the strength was 4:43 Â 10 À6 rev=turn and the ramp-up time was 200 ms. The ramp, created by a signal generator, was linear. The calculated width of the resonance, which is at present too narrow, can be made wider if the strength of the solenoid is increased or the ramp-up time is made shorter. Either of these changes would be at variance with the way that the data were acquired.
A series of fixed frequency measurements was made with the uncooled beam. In this case, the full rf-solenoid strength of 2:66 Â 10 À5 rev=turn was used. This caused the oscillation pattern to damp quickly, as shown by the example in Fig. 21 . So the average polarization was taken to be the mean value after damping for about 0.5 s. The calculation shown in Fig. 21 represents a readjustment of the number of tracks for a selected set of synchrotron amplitudes.
The reproduction of the uncooled resonance data is shown in Fig. 22 . The ramp-up time for the rf solenoid was 200 ms. Here the level of agreement is mixed, with some calculations above their respective data points and others below. The center of the resonance is placed at 871 434 Hz. A finer adjustment is not possible because the frequency of the polarization oscillations is not well determined and in any case depends on the distribution of synchrotron amplitudes included in the calculation. Points whose average polarization is less than 0.5 suggest the resonance position should be slightly higher while those with a larger average suggest the opposite.
Besides sensitivity to the solenoid strength and the ramping time, there is also a dependence on the distribution of synchrotron amplitudes. Variations in the trend of the reproduction may reflect changes in the amplitude distribution for the uncooled case from run to run. Each run took about one hour to accumulate.
The shape of the resonance in Fig. 22 appears to be a ''V'' with gently curving sides. This shape is a consequence of the definition of the average polarization that makes up the data points. If instead the shape is taken to be the polarization at a specific time during the scan or the result at the end of a scan [8] , then the shape will be different. On very close inspection, the shape is in fact parabolic at the bottom point of the ''V''. The scale of these graphs is not sufficiently expanded to reveal this feature. That shape is more evident in Fig. 20 .
The dependence of the average polarization on the synchrotron amplitude distribution, the rf-solenoid strength, and the ramping time makes these comparisons a strong test of the simple ''no lattice'' model used here. At the end of the time-on period for the rf solenoid, the solenoid power was ramped to zero. This operation caused the average polarization for the uncooled beam to rise to a more positive value. In general, the model also contained the same feature, but the amount of rise was not well reproduced. Like the effect of the ramp-up time, the amount of rise depended on the ramp-down time. An investigation with different calculated ramp-down times showed that the dependence on this time was exponential, but did not offer any clear clues to the values of the exponential slope nor the final value of the polarization. Such an effect is similar to the dependence of the final polarization in a Froissart-Stora scan with the speed of the scan. A more detailed analysis is needed.
VII. CONCLUSIONS
This study resulted from the attempt to measure depolarizing effects on the shape of the rf-solenoid spin resonance. Two choices in the setup, the use of a harmonic of the resonance because of the requirements on the operation of the rf solenoid and the choice of bunching the beam on the first harmonic, led to the contribution of large amplitude synchrotron oscillations in the uncooled beam to the evolution in time of the vertical polarization. These contributions contain tracks that reflect an effectively weakened rf solenoid and consequently have a longer oscillation period, even on resonance. For the uncooled beam, this substantially changes the response of the system, creating a damped oscillation in the vertical polarization in the place of the continuously running oscillation observed for the cooled beam. These damped oscillations are built up of precession curves for the individual particles that continue to oscillate between a vertical polarization of þ1 and À1. Compared to the on resonance particle with no synchrotron amplitude, the oscillations in this set of functions have lower frequencies. This makes them different from the oscillations observed by moving the rf-solenoid frequency away from the resonance. In this case, the oscillations away from the resonance are characterized by higher frequencies and smaller amplitudes that cover a maximally positive range. Thus, these two phenomena are distinguishable by the character of the damped oscillation.
The effects of transverse emittance or momentum spread were not directly or unambiguously observed during the experiment. Pursuing this further requires that we look directly at the spin decoherence of a horizontally polarized beam by unfolding the precession of the spin from the polarimeter measurements using time stamps associated with each polarimeter event. Such a stamp would allow us to locate it in the precession history of the beam since the inception of any spin manipulation within the beam store. This study is planned for future experiments.
